At the beginning of 2016, LIGO reported the first ever direct detection of gravitational waves. The measured signal was compatible with the merger of two black holes of about 30 solar masses, releasing about 3 solar masses of energy in gravitational waves. We consider the possible neutrino emission from a binary black hole merger relative to the energy released in gravitational waves and investigate the constraints coming from the non-detection of counterpart neutrinos, focussing on IceCube and its energy range. The information from searches for counterpart neutrinos is combined with the diffuse astrophysical neutrino flux in order to put bounds on neutrino emission from binary black hole mergers. Prospects for future LIGO observation runs are shown and compared with model predictions.
Introduction
At the end of 2015, the Laser Interferometer Gravitational-Wave Observatory (LIGO) observed for the first time a gravitational wave signal, GW150914. 1 The measured signal is compatible with what is predicted for a binary black hole (BBH) merger. In this event, two black holes with masses 36 In the standard picture of binary black hole mergers, such environments are devoid of matter by the time of the merger. 2 Therefore, this type of event is expected to be visible only in gravitational waves. Still, now that binary black hole mergers are observable, a it is interesting to test whether they do emit other particles or not. Indeed, the detection of GW150914 triggered several follow-up searches, both in electromagnetic waves 4 and in neutrinos. 5, 6, 7 In this work, 8 constraints on high energy neutrino emission from binary black hole mergers are investigated. These constraints come from two sources. Firstly, there are the constraints from direct searches for counterpart neutrinos coincident with the LIGO event. Secondly, given that binary black hole mergers happen throughout the history of the universe, the emission is constrained from the observation of the diffuse astrophysical neutrino flux by IceCube.
Neutrino emission from BBH mergers
The neutrino emission can be characterized by the following parameter
The experimental constraints from follow-up searches for counterpart neutrinos can be immediately translated to a bound on this parameter.
Under the assumption that BBH mergers do emit neutrinos, the mergers that have happened throughout the history of the universe give rise to a diffuse flux of neutrinos. According to LIGO, 3 the rate of such merger is between 9 − 240 Gpc −3 yr −1 in the local universe. Following the standard approach, 9,10,11 one finds that the resulting flux equals
The injection spectrum and rate is contained in
. Here, it is assumed that the BBH mergers emit neutrinos with an E −2 -spectrum between 100 GeV and 10 8 GeV, in order to explain (part of) the observed diffuse astrophysical neutrinos flux. The factor ξ z captures the cosmic evolution of the sources and the redshift effect on the spectrum. For power law spectra, this ξ z is z-independent. In the following, it will be assumed that BBH mergers follow the star evolution 12,13 and set ξ z = 3. 11
The resulting flux can then be compared with the diffuse neutrino flux observed by IceCube 14
One gets a bound on f ν BBH when the fluxes in Eq. 2 and Eq. 3 are equal. If one would find f ν BBH higher than this bound from direct observation of BBH mergers, one of the assumptions that went into the calculation must be wrong. This would mean that either f ν BBH is not universal, or that BBH mergers do not follow star formation, resulting in bounds on these two cases.
Prospects
The bounds on f ν BBH from the diffuse astrophysical neutrino flux will be compared to those from direct searches as more BBH mergers are accumulated. All BBH mergers are assumed to be similar to GW150914, emitting 3 M of energy in gravitational waves from a distance of 410 Mpc, from random locations in the sky. The IceCube follow-up analysis of GW150914 is replicated, using the respective effective area, 15 averaged over the full sky. A background of atmospheric neutrinos 16 is included, integrated over a time window of 1000 s and over a sky patch of 600 deg 2 , 100 deg 2 and 20 deg 2 , corresponding to the current 1 and expected 17 localization uncertainty given by LIGO. 
Model dependent interpretation
The general bound on f ν BBH from the previous section can be interpreted in specific models. Assuming now that the neutrino emission originates from matter present around the black hole, f ν BBH can be decomposed in the following way
In here, f matter is a fraction expressing the amount of matter present, relative to E GW . The second part, f engine × p,acc × ν represents the amount of energy that forms an acceleration engine, the amount of energy going into protons and the amount of proton energy going to neutrinos respectively. In the case of a gamma-ray burst fireball model, 19 this last part is equal to 1/10 × 1/10 × 1/20. A bound on f ν BBH can then be immediately translated into a bound on f matter within the fireball model. One can turn this around and estimate possible values of f ν BBH , using specific matter models. In the dead disk model, 2 one finds that approximately 10 −4 − 10 −4 M of matter is present, which can be reactivated upon the merger. This then leads to f ν BBH ≈ 10 −7 , still below the reach estimated in Fig.1 .
Conclusions
The current and expected future bounds on high energy neutrino emission from binary black hole mergers have been investigated, in terms of a parameter f ν BBH . This was done by combining the information from coincident searches for counterpart neutrinos, together with the already observed diffuse astrophysical neutrino flux. This latter one results in a bound between f ν BBH ≈ 1.58 × 10 −3 − 5.93 × 10 −5 . It is found that after about 10 binary black hole mergers detected using gravitational waves, it will be possible to probe the neutrino emission down to the upper value of that range. This number of events coincides with the lower value of the 90% credible interval for expected number of events in LIGO run O2. Finally, when comparing this expected bound with estimates from realistic models of neutrino emission, it is found that such models predict a neutrino emission of f ν BBH ≈ 10 −7 , which is below this expected bound in run O2.
